Abstract-In the field of photoelectric sensing and measurement, laser triangulation is a superior and widely used technology due to its advantages of high accuracy, rapidity, and non-contact. This paper first applied it to the measurement of pressure, and proposed and designed a laser-type pressure sensor. The sensor measured the center deflection of the circular pressure-sensitive diaphragm using the laser triangulation, then determined the pressure on the diaphragm according to the small-deflection theory. In the aspect of optical system, the sensor used the principle of lens imaging of magnification and constant focus combining with high-resolution photodetector, which further improved the system accuracy effectively. First the paper created the mathematical model of the laser triangulation in view of the high accuracy, small size requirements. Afterward determined the parameters of the diaphragm in light of the linear range and measurement accuracy of the pressure, and did the finite element analysis of the diaphragm using ANSYS. The analysis demonstrates that within the pressure range, meeting the small-deflection theory, the relationship between the pressure and the deflection is nearly linear. The minimum pressure of the sensors designed is 50Pa, the pressure range is 1.4614MPa, and the maximum relative nonlinearity error of the diaphragm is 1.273%. This simulation design provides a forceful and important basis for the realization of the sensor.
I. INTRODUCTION
Now in various fields such as industrial control, medical, military, science & technology and so on, optical pressure sensor is playing an important role, and used more and more widely, due to its advantages of high reliability, strong anti-interference, excellent insulation, and work in harsh environments, etc. The fiber optic pressure sensor as the main representative to the common optical pressure sensor mainly include: microbend fiber pressure sensor [1] [2] [3] [4] , reflective optical fiber pressure sensor [5] , Interferometric fiber optic pressure sensor [6] [7] , fiber grating pressure sensor [8] [9] [10] [11] and so on. These sensors have many advantages, but also have some shortcomings of their own. Such as fiber grating pressure sensor, it needs more complex technology and more expensive equipment to detect the wavelength displacement, and needs high-power broadband light source or tunable light source, and the resolution and dynamic range of detection are also subject to certain restrictions [12] . Laser triangulation is a superior and widely used technology. It has advantages of high accuracy, rapidity, and non-contact. This paper first applied it to the measurement of pressure, and proposed and designed a laser-type pressure sensor. The sensor has advantages of high reliability, strong anti-interference, high accuracy, simple structure, and low cost.
II. STRUCTURE AND WORKING PRINCIPLE
The structure and principle of the sensor is shown in Figure 1 . The collimated laser beam from the laser irradiates on the center of the circular pressure-sensitive diaphragm fixed around through the emission lens. The scattering light from the diaphragm surface is focused on the high-resolution photodetector forming a scattering spot through the receiving lens. The position of the center of the spot on the photodetector depends on the diaphragm deformation caused by pressure, and the output of the photodetector relies on the position of the center of the spot. Let P is the uniform pressure on the diaphragm. In condition of P=0, the position of the center of the spot locates point o ; In condition of P≠0, the center of the diaphragm deforms by w called center deflection, correspondingly, the position of the center of the spot offsets δ locating point ' o . Therefore, we can acquire the center deflection of the diaphragm: w by detecting the displacement of the spot: δ called the displacement of image point, then determined the pressure on the diaphragm according to the center deflection: w and the small-deflection theory [13] [14] [15] . 
A. Mathematical model of optical system
In Figure 1 , set the position of the diaphragm when P=0 is the reference position, the angle between the collimated laser beam and the optical axis of the receiving lens is θ , the angle between the surface of the photodetector and the optical axis of the receiving lens is φ , the object distance and image distance of the receiving lens at the reference position are respectively a and b , and the focal length of the receiving lens is f . In order to realize real-time and accurate measurement, the scattering light from the diaphragm surface should be focused on the photodetector constantly, which requires a , b , θ and φ must meet a curtain condition just the condition of constant focus. According to the feature of constant focus and geometrical optics, we can derive the condition of constant focus as follows:
Here / T b a = is the magnification of the imaging system at the reference position. Known by equation (1), the condition of constant focus can be described as that the collimated laser beam, the surface of the photodetector and the plane of the receiving lens must intersect at one point.
In Δ ABC from Figure 1 , according to the sine theorem, can have:
Also in Δ o C ' o , according to the sine theorem, can have:
Combining equation (2) 
Equation (7) shows that the relationship between w and δ depends on θ and T , and is approximately linear.
B. Parameters setting of optical system
Known from the working principle of the sensor, the measurement accuracy of the pressure depends on the measurement accuracy of the center deflection of the diaphragm, and the measurement accuracy of the center deflection depends on the resolution of the photodetector and the optical system. To improve the system's accuracy, the primary consideration is high-resolution photodetector. Here used PSD S3979 with the resolution of 0.1um, the effective sensitive area of l×3mm, and the response rate of 2.5us. In the aspect of optical system, in order to further improve the accuracy, the receiving lens should generate magnifying real image. In view of the requirement of as small as possible size of the sensor, the magnification should not be too high. Here the magnification of the receiving lens at the reference position is set 4, thus we can have the following equations according to the condition of constant focus and the formula of lens imaging. 
IV. MECHANICAL MODEL AND FINITE ELEMENT ANALYSIS OF DIAPHRAGM

A. Mechanical model of diaphragm
The circular pressure-sensitive diaphragm fixed around, whose radius and thickness are respectively R , h . To facilitate analysis, first create the Cartesian coordinates: the center of the neutral surface of diaphragm is coordinate origin, x-axis and y-axis are in the neutral surface, and z-axis is vertical to the neutral surface. The uniform pressure: P is loaded on the z direction of diaphragm. Assume the diaphragm is in the small-deflection state [13] [14] [15] . The following x σ , y σ , z σ are respectively the normal stresses on x, y, z direction. According to equation (12) and geometric equations, get: 
Substitution of equation (13) 
A micro-unit: hdxdy picked out from diaphragm is shown as Figure 3 . The uniform pressure: P is loaded on the top (z direction) of micro-unit. 
Finishing and neglecting high-order microamount, get: 
Substitution of equation (17) and (18) (22) can be written as: C and 2 C must be 0, otherwise the stress and deflection in the center of diaphragm will be infinity, which is not accordant with the actual, so: 
The center deflection of diaphragm is:
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On the contrary, can have: 
Derivation of δ on P, we can get the sensitivity as follows:
Now the selecting material of the diaphragm is 316L stainless steel, and the elastic modulus: E=200GPa, the poisson ratio: µ =0.3. In order that the diaphragm is in the small-deflection state within the entire measurement range of the deflection, set the thickness of the diaphragm:
Obviously, the maximum ratio of deflection and thickness: max / 1/5 w h< , which meets the small-deflection theory [14] . According to the measurement accuracy of the pressure just the measurable minimum pressure: min =50Pa P 
B. Finite element analysis of diaphragm
According to the parameters of the diaphragm determined above, now use ANSYS software for the finite element analysis of the diaphragm, the element type selected is SOLID95. SOLID95 is a high precision 3-D solid element defined by 20 nodes having three degrees of freedom per node. It has plasticity, creep, stress stiffening, large deflection, and large strain capabilities. It can tolerate irregular shapes without as much loss of accuracy. It has compatible displacement shapes and is well suited to model curved boundaries. The finite element model of the diaphragm shown in Figure 5 , has 34226 elements and 61227 nodes. In order that the linear and nonlinear phases of the pressure-deflection curve of the diaphragm are distinguished clearly, load the uniform pressure: P=5MPa on the diaphragm. The deformation on Z direction just the deflection direction when P=1.4MPa is shown in Figure 6 . The deflection curve on the diameter path of the diaphragm when P=1.4MPa is shown in Figure 7 . From Figure 6 and Figure 7 , the center deflection of the diaphragm is the maximum: w =0.188212mm. Figure 8 and Figure 9 show respectively the radial stress and radial strain on the diameter path of diaphragm when P=1.4MPa. Seen from Figure 8 and Figure 9 , the radial stresses and strains at the center and circumference are much bigger, where the radial stresses at the center and circumference are respectively 282.42MPa and -419.01MPa, and the radial strains at the center and circumference are respectively 0.98853e-3mm and -1.6135e-3mm. Figure 10 and Figure  11 show respectively the axial stress and axial strain on the diameter path of the diaphragm when P=1.4MPa. Seen from Figure 10 and Figure 11 , compared with the maximal axial stress at the circumference: -146.31MPa, the axial stress in the plane is very small and vary flat. The axial stress at the center is -0.04305MPa. The axial strain at the center is -8.4748e-4mm, and the axial strain at the circumference is 1.2656e-4mm. Figure 12 shows the pressure-deflection curve of P: 0-5MPa. The dashed line is the linear line based on the small-deflection theory, and the solid line is obtained from the ANSYS simulation. It can be seen from Figure 12 , within P=1.5MPa, the ANSYS simulation value is approximately consistence with the value of the smalldeflection theory, and the relationship between the pressure: P and the deflection: w is nearly linear. When P>1.5MPa, as the pressure increases, the ANSYS simulation value gradually deviates from the theoretical value of the small-deflection, and the relationship between the pressure and the deflection is nonlinear. Meanwhile, within the pressure range: P=1.4MPa, we can get the curve of the relative nonlinearity error of the diaphragm according to the ANSYS simulation value and the theoretical value of the small-deflection as Figure 13 . It can be seen from Figure 13 , as the pressure increases, the relative nonlinearity error increases gradually. When P=1.4MPa, the relative nonlinearity error is 1.273%. V. CONCLUSION This paper proposed and designed a laser-type pressure sensor based on high-accuracy laser triangulation principle. First established the mathematical model of the laser triangulation, and determined the main parameters of the optical system in view of the high precision, small size requirements, theoretically the measurement resolution of displacement is up to 7.1428nm, and the measurement range of displacement is 0.19948mm. Afterward determined the parameters of the diaphragm in light of the linear range and measurement accuracy of the pressure, furthermore, used ANSYS software for the finite element analysis of the diaphragm. The analysis demonstrates that within the pressure range, meeting the small-deflection theory, the relationship between the pressure and the deflection is nearly linear. The minimum pressure of the sensors designed is 50Pa, the pressure range is 1.4614MPa, and the maximum relative nonlinearity error of the diaphragm is 1.273%. The simulation design provides a forceful and important basis for the realization of the sensor.
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